ABSTRACT Laboratory studies were conducted to assess the effect of soil moisture and temperature on the development of the preimaginal stages of Ceratitis capitata (Wiedemann) (Diptera: Tephritidae). The number of days required for the immature ßies to complete their development and reach the adult stage (development time) were studied at Þve temperatures (15, 20, 25, 30, and 35ЊC) . A parametric survival model describing the effect of linear and quadratic combinations of temperature and soil moisture and their interaction on the probability of completing the development over the experimental period was used. The lognormal parametric survival model was signiÞcant for C. capitata preimaginal development, with DT 50 (the development time for 50% of the preimaginal C. capitata to reach the adult stage) ranging from 12.8 to 32.4 d. The highest percentages of adult emergence at 30 d were obtained at 24.8ЊC and intermediate soil moistures of 5.0 to 13.0% wt:wt. The average development time of the medßy preimaginals reaching the adult stage was inversely related to temperature and ranged from 7.4 to 26.1 d. This model could allow the monitoring of medßy preimaginal natural mortality in the soil, the prediction of adult emergence under Þeld conditions, and therefore, the identiÞcation of suitable application times in the medßy lifecycle to achieve the maximum degree of adult and preimaginal control.
The Mediterranean fruit ßy or medßy, Ceratitis capitata (Wiedemann) is one of the most harmful species of Tephritidae. It is a serious pest of Ͼ250 species of fruit trees and causes serious damage worldwide (Thomas et al. 2001 , Morales et al. 2004 ). The medßy is polyvoltine, with up to seven or eight generations per year in the Mediterranean basin (Alfaro-Moreno 2005) . Third-instar C. capitata drop from the fruits to the ground, burrow in the soil, and form a puparium within the Þrst 2Ð 4 cm (Tremblay 1994 , AlfaroMoreno 2005 . Consequently, C. capitata control measures may be applied to adults or prepupating larvae and puparia in the soil. Likewise, the soil stage is regarded as the most vulnerable part of the life cycle of soil-dwelling pests (Brown and Gange 1990) , especially tephritids (Ekesi et al. 2007) . In this context, entomopathogenic fungi (EF) have shown their potential against the medßy control measures that target adults or pupariating larvae and puparia in the soil (Ekesi et al. 2007 ).
Our previous work has shown that the mitosporic ascomycetes Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae (Metschnikoff) Sorokin are frequently isolated from fruit-tree orchard soils in Spain (Quesada-Moraga et al. 2007) , with several isolates of both species showing potential for the control of medßy adult and puparia (Quesada-Moraga et al. 2006 , 2008 . In addition, to optimize the efÞcacy of soil treatments, previous studies have addressed the effect of temperature and moisture (Garrido-Jurado et al. 2011a ) and soil physicochemical properties (GarridoJurado et al. 2011c ) on the availability, movement, and virulence of conidia against puparia of C. capitata; in which showed the Þrst evidence that each fungal isolate respond differently to the interaction between soil moisture and temperature, and soil properties have effects on availability and movement of conidia but not on its virulence against C. capitata puparia. Research has even investigated the lack of effect of such soil treatments on the soil-dwelling nontarget arthropods (Garrido-Jurado et al. 2011b) .
However, optimizing the effect of any control measure, particularly EF, against medßy adults and preimaginal stages would require a better understanding of how environmental factors affect to pupae physiology in the soil, a topic that remains poorly understood. A better understanding of this topic would allow the monitoring of natural preimaginal mortality in the soil, the prediction of adult emergence, and therefore, the identiÞcation of a suitable application times in the tephritid lifecycle to optimize adult and preimaginal control.
Temperature and moisture are major determinants of the developmental rates and natural mortality of soil-dwelling insect stages (Johnson et al. 2007) , and they are particularly important for the preimaginal stages of tephritids (Fletcher and Kapatos 1983 , Milward-de-Azevedo and Parra 1989 , Bento et al. 2010 . Nevertheless, research on these questions remains scarce because of the difÞculty of replicating natural soil conditions in the laboratory.
In this study, an approach based on a lognormal parametric survival model was used to deÞne the effects of soil moisture and temperature on preimaginal medßy mortality and to understand the relationship between both factors and their interaction as inßu-ences on the development of preimaginal medßies in the soil.
Materials and Methods
Insects. Preimaginal C. capitata were obtained from a laboratory population maintained at our insectary since 2004. This population was initially derived from the stock colony of El Encin (INIA, Madrid, Spain). The colony was reared under a photoperiod of 16:8 (L:D) h at 50 Ð 60% RH and 26 Ϯ 2ЊC. Adult ßies were provided with water and an artiÞcial diet based on a mixture of protein-hydrolysate (Yeast Hydrolysate Enzymatic, ICN Biomedicals, Aurora, OH) and sucrose (Panreac, Barcelona, Spain) (1:4 wt:wt). The larvae were reared on wheat bran, sucrose, brewerÕs yeast, nipagin, nipasol, benzoic acid, and water (300, 75, 36, 2, 2, and 2.4 g/kg, and 600 ml/kg, respectively) (Albajes and Santiago-Á lvarez, 1980) . Experimental Design. The soil used in all experiments was Þeld collected in Có rdoba, Spain. It was characterized as sandy-loam (78% sand, 17% silt, 5% clay, and 0.2 organic matter, pH 8.4). The soil was sieved (2 mm mesh), sterilized and air-dried at 26ЊC for 10 d before use. Sterile distilled water volumes of 0.3, 1.5, 2.7, 3.9, and 5.1 ml containing 0.1% Tween 80 were added to transparent containers (80 ϫ 80 ϫ 55 mm), each holding 30 g of soil. These water volumes provided corresponding water potentials (sum of matric and osmotic potentials) of Ϫ2.14 Mpa (mega Pascal) [1% (wt:wt)], Ϫ0.5 MPa [5.0% (wt:wt)], Ϫ0.47 MPa [9.0% (wt:wt)], Ϫ0.28 MPa [13.0% (wt:wt)], and Ϫ0.23 MPa [17.0% (wt:wt)], which ranged from completely dry soil to fully water-saturated soil, and were measured using a WP4 Decagon psychrometer apparatus. The soil was thoroughly mixed by shaking for 5 min to achieve a uniform distribution of the liquid. Ten pupariating late third instars of C. capitata were released into the soil. The containers were then placed inside a large plastic container (250 ϫ 450 mm), which was covered with a dampened Þlter paper that was wetted periodically (Ekesi et al. 2003) . This procedure helps to maintain soil moisture conditions by limiting Ϯ3% loss of the initial soil water. Three replicates of 10 insects per replicate were used for each treatment. The containers were incubated at 15.0, 20.0, 25.0, 30.0, and 35.0ЊC until adult emergence. The full experiment was repeated twice. The number of adult ßies that emerged from different soil conditions was recorded daily, as well as the time to reach the adult stage.
Statistical Analysis. A parametric survival model was used to evaluate the effect of soil moisture and temperature on the developmental rate (the percentage of individuals that fully completed their development) and the time to reach the adult stage. The lognormal model describes the effect of linear and quadratic combinations of temperature and soil moisture and their interaction on the probability of completing development over the duration of the experiment.
where the polynomial expression (second-order surface model) and are the mean and the SD of the normal distribution, respectively. Other parametric survival models (Weibull and exponential) were also evaluated.
The lognormal model was Þtted with JMP 9.0 (parametric survival module; SAS Institute Inc. 2010). The statistical signiÞcance of the global model, as well as the signiÞcance of linear, quadratic, and interaction (temperature and soil moisture) effects, were determined by likelihood-ratio 2 tests (␣ level ϭ 0.05). Values of probabilities lower than 0.05 indicate signiÞcant effects at 95% CL. The model estimates the probability or percentage of individuals that completed their development at a given time t, as well as the time DT x% required for x% of the individuals to complete their development for each combination of temperature and soil moisture. The average development times (ADT, mean value of the individual development times of the group of insects) were also calculated for each combination of temperature and soil moisture. The signiÞcance of differences in ADT was tested with a log-rank test.
The combination of temperature and soil moisture values that provided the highest percentage of insects completing their development by day 30 and lowest time for DT 25 , DT 50, DT 75 , and DT 90 , was calculated using ProÞler for the parametric survival module (JMP 9.0).
Results
The lognormal model furnished a better Þt than Weibull and exponential models, as determined by 2 ϭ 78.99, df ϭ 1, P Ͻ 0.0001 for T). Soil moisture also had signiÞcant quadratic and linear effects on DT, although they were not as relevant as those from temperature, with lower 2 values in the likelihood ratio tests ( 2 ϭ 9.57, df ϭ 1, P ϭ 0.0020 for SM 2 ; 2 ϭ 7.68, df ϭ 1, P ϭ 0.0056 for SM). The interaction between temperature and soil moisture was not signiÞcant ( 2 ϭ 2.78, df ϭ 1, P ϭ 0.0953 for T*SM).
The lognormal parametric survival model also speciÞed the percentage of preimaginal C. capitata that completed their development at a given time (t) under different soil moisture and temperature regimes. At 30 d (PCD30), (end of the experiment, Fig. 1 ), the percentages predicted by the model ranged from 32.1% (22.87Ð 42.56) at 15.0ЊC and 1.0% wt:wt to 90.7% (87.28 Ð93.31) at 25.0ЊC and 5.0% wt:wt (Table 1) . The PCD30 increased with increasing temperature, and soil moisture reached a maximum and then showed a steady decrease, being the highest PCD30 predicted for the model of 91.6% (88.32Ð94.07) at 23.5ЊC and 7.0% wt:wt. Also, the lognormal parametric survival model provided the time required to complete pupariation for a x% of the individuals under different soil moisture and temperature regimes. In general, the ADT values decreased with increasing temperature, ranging from 7.4 d at 30.0ЊC and 5.0% wt:wt to 26.1 d at 15.0ЊC and 1.0% wt:wt. SigniÞcant differences in the ADT of preimaginal C. capitata occurred at different soil moistures at extreme temperature conditions [15.0ЊC ( 2 ϭ 20.52; df ϭ 4; P Ͻ 0.001) and 30.0ЊC ( 2 ϭ 34.99; df ϭ 4; P Ͻ 0.001), (Table 2) ], whereas no signiÞcant differences in ADT between soil moisture values were detected at 20.0ЊC ( 2 ϭ 3.85; df ϭ 4; P ϭ 0.427) or 25.0ЊC ( 2 ϭ 2.34; df ϭ 4; P ϭ 0.674).
Discussion
The study of preimaginal C. capitata in relation to the soil can provide better forecasts for enhancing medßy IPM. However, information regarding fruit ßy development as a function of soil conditions is scarce. The studies by Crovetti et al. (1986) , Duyck and Quilici (2002) , and Duyck et al. (2004) reported only on separate temperature-and moisture-related effects on the emergence of adult fruit ßies. Linear models provided a poor Þt at both low and high temperature extremes. In addition, these studies do not address DT, a key value for monitoring medßy populations. In this study, both soil temperature and humidity conditions have been considered within the same model. This approach has allowed better predictions of DT and adult emergence over the range of 15.0 Ð35.0ЊC and 1.0 Ð17.0% wt:wt.
Lognormal parametric survival models have not previously been used to model insect pest development. The model used in this work offers advantages not provided by the linear and degree-day models, such as considering linear and quadratic effects of temperature and soil moisture and their interaction (response surface model), and estimations of number of days required for preimaginal medßies to reach the adult stage at different temperature and moisture regimes without the need for accumulated degree-days. Thus, monitoring soil moisture and temperature would allow the prediction of the onset of adult emergence and, ultimately, the optimization of the timing of preimaginal and adult control operations, such as mass trapping, sterile insect technique or biological control with parasitoids and entomopathogens.
The lognormal parametric survival model has calculated an optimum temperature for percentage of preimaginal C. capitata that Þnished their development of 24.8ЊC. This value is higher than the 22.0ЊC temperature reported by Crovetti et al. (1986) . The calculated lower threshold value of 12.5ЊC is likewise higher than the 11ЊC value provided by Crovetti et al. (1986) and Duyck et al. (2004) . It is probable that this difference is because of the lack of temperature-moisture interaction in these previous models. In addition, this interaction could also explain the conßicting results obtained by several previous studies on the effect of soil moisture on the percentage of preimaginal fruit ßies reaching the adult stage. These previous studies reported increasing mortality with increased (EskaÞ and Fernandez 1990, Bento et al. 2010) or decreased (Milward-de-Azevedo and Parra 1989, Hulthen and Clarke 2006) soil moisture, respectively. In this context, the soil texture must also be considered because the number of ßies emerging from the soil appears to be positively correlated with the percentage of porous space in the soil and the percentage of water saturation of the soil (EskaÞ and Fernandez 1990, GarridoJurado et al. 2011c) .
In general, the ADT values were lower than the DT 50 values. The distribution of the percentage of preimaginal C. capitata that Þnished their development over the duration of the experiment is negatively skewed. Thus, more favorable conditions for 50% adult emergence appeared to be associated with longer development times. These DT 50 values ranged from 12.8 to 32.4 d for 20.0 Ð30.0ЊC. Long periods under constant soil moistures and temperatures will favor the emergence of the adult stage. Besides, these abiotic conditions would affect the performance of tephritid natural enemies, that is, EF, because fungal infection is highly inßuenced by the conditions of the insectÕs habitat. Each fungal isolate responded differently to the interaction between soil moisture and temperature; therefore, the thermal and moisture requirements of EF should be similar to the environment of the target pest (Garrido-Jurado et al., 2011a) .
In the experiments conducted in this study, the soil moisture and temperature were held constant. The lognormal parametric survival model proposed in this study represents an early, but important, step toward developing more complex models that describe the effect of temperature and soil moisture on the development of preimaginal C. capitata under variable regimes of temperature and soil moisture. Nevertheless, the results of our investigation should allow for improved forecasts and thereby facilitate integrated management of C. capitata. 
